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Effects of Gypsum Addition on Solubility of Nutrients
in Soil Amended With Peat

Moustafa A. Elrashidi, Larry T. West, Cathy A. Seybold, Ellis C. Benham,
Philip J. Schoeneberger, and Richard Ferguson

Abstract: Tt is widely accepted that the accumulation of gypsum in
gypsiferous soils results in very low fertility, even with application of
fertilizers and organic amendments. The objectives were to investigate,
in laboratory experiments, the effect of gypsum on the solubility of
13 nutrients and how amending the soil with organic peat moss may
mitigate the impact of gypsum on nutrients and soil fertility. A 100-g
sample of gypsum-free soil (Sharpsburg Fine, montmorillonitic, mesic
Typic Argiudolls) was treated with increasing amounts of gypsum (0, 1,
5, 10, 15, 20, 30, and 50 g), then water was added to the mixtures to
reach 50% of the water saturation capacity. Another set of soil/gypsum
mixtures received 5-g peat to study the effect of peat application. All
mixtures were incubated at 32°C for 15 weeks. After incubation, the
concentration of water-soluble nutrients was measured. In general, the
addition of gypsum increased the solubility of N, K, Ca, Mg, Mn, Cl, and
S, whereas it decreased the solubility of P, Na, Fe, Cu, Zn, and B. The
application of peat increased the solubility of all nutrients investigated,
except for N and S. Chemical reactions and mechanisms were applied to
interpret the effects of both gypsum and peat treatments on nutrient
solubility and their relationship to soil fertility and crop production. The
application of peat improved the solubility of most nutrients and proved
to be useful as an amendment for gypsum-rich soils and increases its
productivity.
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ypsum (CaS0,.2H,0) is one of the most commonly

occurring sulfate minerals in soils. It may be present in
trace amounts in soils or dominate the pedon as in gypsiferous
soils with a gypsic or petrogypsic horizon (Eswaran and
Zi-Tong, 1991). Gypsiferous soils are most common in arid and
semiarid areas where rainfall is too low to remove the gypsum
from the soil profile.

During the last three decades, there has been a rapid ex-
pansion of agricultural activities into arid and semiarid areas of
the United States. The application of sprinkler irrigation pro-
vides a cost-effective use of meager natural water resources.
Large tracts of these areas are reclaimed and used for pasture
and crop production. Kovda (1954) considers that the accumu-
lation of gypsum in soils results in very low fertility and that
their productivity remains low under irrigation, even with ap-
plication of fertilizers and organic manures. The potential pro-
ductivity of gypsiferous soils is related to the fact that gypsum
mineral surfaces have no charges that attract exchangeable
cations. Furthermore, the mineral supports high concentrations
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of calcium (Ca) and sulfate ions in soil solution (Elrashidi et al.,
2007), which may negatively affect the solubility of other es-
sential nutrients such as phosphorus, iron (Fe), and manganese
(Mn) in the soil (Lindsay, 1979). Moreover, the high salinity in
soil may have physiological effects on reducing nutrient uptake
and plant growth.

Essential nutrients for higher plants include carbon (C),
hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), sulfur
(S), potassium (K), Ca, magnesium (Mg), Fe, Mn, copper (Cu),
zine (Zn), molybdenum (Mo), boron (B), and chloride (C1 )
(Mengel and Kirkby, 1982). Sodium (Na) has not been es-
tablished as an essential nutrient for all higher plants. Carbon,
H, and O are taken up by plants in the form of CO, gas and
water; the rest of the nutrients are mainly taken as inorganic
chemicals (ions) from soil and/or water.

Understanding the effect of gypsum content on the sol-
ubility of essential plant nutrients is important in determining
the potential productivity of gypsum-rich soils. Most studies
on gypsiferous soils have measured nutrient uptake by plants
as an indicator of the effect of gypsum application on different
element concentrations in soil solution. Few studies have in-
vestigated the effect of gypsum directly on the concentration of
elements in soil solution. The application of organic materials,
such as peat or animal manure, can mitigate the negative impact
of gypsum on soil fertility and improves soil productivity.
Furthermore, the presence of organic materials in soils enhances
the growth of microorganisms that affect element concentra-
tion in soils through various chemical reactions/processes: (i)
enhancing the bioaccumulation of cellular organic forms of
elements, (ii) releasing organic acids and chelating compounds
that dissolve inorganic minerals, and (iii) increasing the forma-
tion of element-organic complexes (Stevenson, 1991; Elrashidi
et al., 1999). The application of peat can also improve physical
properties of soil that have positive effects on soil fertility
and crop productivity. However, in this research, we only in-
vestigated the effects of gypsum and peat on the solubility of
nutrients in noncalcareous soils.

The objectives of this study were to investigate (in
laboratory experiments) (i) the effects of increasing levels of
gypsum on the solubility of 13 nutrients (N, P, K, Na, Ca, Mg,
Fe, Mn, B, S, CI, Cu, and Zn) in soil and (ii) how the application
of peat moss may mitigate the negative impact of gypsum on
the solubility of these elements in soil.

MATERIALS AND METHODS

Effect of Gypsum and Peat on Nutrients

The effect of gypsum on nutrient solubility in soil was
investigated in a laboratory experiment. An air-dried less than
2-mm gypsum/calcite-free soil (Sharpsburg Fine, montmoril-
lonitic, mesic Typic Argiudolls) was used. A 100-g soil sample
was treated with increasing amounts (0, 1, 5, 10, 15, 20, 30, and
50 g) of gypsum (CaS0O,.2H,0, analytical reagent) in separate
250-mL plastic beakers. The required amounts of soil and
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gypsum were mixed thoroughly, and then deionized water was
added to the mixture to reach 50% of the water saturation ca-
pacity. The water saturation capacity (%) was predetermined in a
separate sample for all mixtures. Three replicates were used for
each treatment, which gave a total of 24 soil/gypsum mixtures.

Another set of identical 24 soil/gypsum mixtures was
prepared for studying the effect of peat application on the water
solubility of elements. An air-dried finely ground (<2-mm)
sphagnum peat moss was used. A 5-g peat sample was added
to each of the 24 soil/gypsum mixtures. The materials were
mixed thoroughly before adding distilled water to reach 50%
of the water saturation. The water saturation capacity (%) was
predetermined in a separate sample for all mixtures.

The 48 mixtures were incubated in a well-aerated oven
at 32°C (90°F) for 15 weeks. The water was added weekly to
compensate for any loss caused by evaporation and to keep the
moisture content constant at the 50% level. At the end of the
incubation period, the mixtures were air-dried and crushed to
pass through a 2-mm sieve before analysis.

Analyses of Soil/Gypsum/Peat Mixtures

Soil properties were determined on the air-dried less than
2-mm sample by methods described in Soil Survey Investiga-
tions Report No. 42 (USDA/NRCS, 2004). Alphanumeric codes
in parentheses next to each method represent specific standard
operating procedures in the report. Particle size analysis was
performed by sieve and pipette method (3A1). Cation exchange
capacity (CEC) was conducted by NH4OAc buffered at pH 7.0
(5A8b). Exchangeable Ca, Mg, K, and Na were determined by
NH4OAc buffered at pH 7.0 (4B1). Total C content was de-
termined by dry combustion (6A2f), and CaCO; equivalent was
estimated by electronic manometer method (6Elg). Soil pH
wias measured in a 1:1 soil/water suspension (8C1f). Clay min-
erals were identified by the X-ray diffraction (7Alal). Water
saturation (%) was estimated by the saturated soil paste method
(4F2).With respect to the peat sample, the total C content was
determined by dry combustion (6 A2f).

The water-soluble elements in the soil, gypsum, peat, and
mixtures were determined according to the Soil Survey Labo-
ratory procedure (4D2b1) (USDA/NRCS, 2004). In this method
(4D2b1), the soil-water suspension (20 g of soil and 100 mL of
distilled water) was allowed to equilibrate at room temperature
for 23 h. The suspension was then shaken for 1 h. The super-
natant was passed through a 0.45-pm filter. Elements (P, K, Na,
Ca, Mg, Fe, Mn, Cu, Zn, and B) were determined in the filtrate
by inductively coupled plasma-optical emission spectrometry
(Perkin Elmer 3300 DV). Nitrate (NO5-N), sulfate (S0,>7), and
chloride (Cl ) concentrations in the filtrate were determined
by the high-pressure ion chromatograph (6M1¢) (Dionex Corpo-
ration, Bannockburn, IL). The pH in the water extract was deter-
mined by the combination electrode and digital pH/ion meter,
Model 950, Fisher Scientific (8C1la). The conductivity bridge
(4F1al) was applied to measure the electric conductivity and
soluble salts (EC).

RESULTS AND DISCUSSIONS

Selected properties of the gypsum/calcite-free soil sample
used for this study (Sharpsburg Fine, montmorillonitic, mesic
Typic Argiudolls) were as follows. The clay, silt, and sand per-
centages were 38.9%, 59.7%, and 1.4%, respectively. The soil
pH was 6.7 for water and 6.1 in 0.01 M CaCl, solution. The
CEC was 30.9 cmol(+)kg7', whereas the NH;OAc-extractable
Ca, Mg, Na, and K-were 18.3, 7.1, 0.0, and 1.2 cmol(+)kg ',
respectively. The combustion analysis conducted on the soil
sample indicated that the total C and N contents were 1.96% and
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0.20%, respectively. The X-ray analysis indicated that clay
minerals in Sharpsburg soil include smectite and micas. The pH,
EC, and the concentration of Cl, SO,°~, and NOs-N in the
water extract for both the Sharpsburg soil and peat samples
as well as in different soil/gypsum/peat mixtures, incubated
for 15 weeks, are presented in Table 1. The concentrations of
water-soluble P, K, Na, Ca, Mg, Fe, Mn, B, Cu, and Zn in the
soil, peat, and mixtures are given in Table 2.

Effect on pH and EC

When gypsum is added to soil, the final soil pH may arise
from two conflicting reactions between gypsum and soil sur-
faces. Calcium replaces both H and Al (which hydrolyzes to

TABLE 1. The AV and S.D. of the pH, EC, and Concentrations’
of Cl, $O4, and NO3-N in the Water Extracts of Sharpsburg
Soil/Gypsum/Peat Mixtures Incubated for 15 Weeks

AV and EG, G S027, NO;N,

Treatment'  S.D. pH ohm mg/kg mg/kg pe/kg
0 AV 7.20 034 19.00 14.33 390.10
sD 0.00 044 1:19 0.70 87.02

1 AV 640 1.69 11.89 6,863.74 370.87
SD 0.00 0.06 084 1,034.32 59.02

5 AV 637 240 2738 10,802.42 852.36
SD 0.06 0.01 317 211.17 119.61

10 AV 633 246 2833 1143811 960.70
SD 0.06 0.11 0.74 48.27 173.98

15 AV 6.30 2.37 2852 10,260.05 1,026.76
SD 0.00 0.01 6.31 84.89 103.36

30 AV 633 235 2825 11,72185% 611.82
SD 0.06 0.02 230 139.14 77.38

50 AV 6.20 240 2823 12,896.73 450.95
SD 0.10 0.11 2.50 578.67 154.25

op AV 6.17 0.12 19.40 95.86 345.66
SD 0.06 0.04 1.27 73.00 91.58

1p AV 540 1.60 2693 5467.38 291.89
SD 0.00 0.05 11.56 177.77 14.26

5p AV 540 246 2973 10,343.78 477.58
SD  0.00 0.02 203 20.00 76.80

10P AV 533 240 28.07 10,892.31 459.04
SD 0.06 0.15 0.68 4291 54.34

15P AV 530 235 30.05 11,230.03 501.64
SD 0.00 0.05 1.78 52.20 132.95

20P AV 530 232 2881 1196037 473.38
SD 0.00 0.04 1.98 81.38 44.68

30pP AV 540 231 3432 13,093.98 479.88
SD 0.17 0.10 2.16 407.24 117.48

S0P AV 543 211 2607 14,157.44 453.58
SD  0.06 0.08 9.33 397.24 22454

Soil AV 6.70 0.13 6.17 73.36 559.93
SD 0.00 0.03 052 48.36 13.54

Peat AV 3.80 041 4335 102.69 1,060.37
SD 0.00 0.11 1.47 12.04 80.96

"The concentration of nutrients was determined by using high-
pressure ion chromatograph.

“Numbers 0 through 50 refer to the amount of gypsum (g) added to a
100-g soil sample; P next to number refers to a 5-g peat sample added
to each soil/gypsum mixtures.

AV: average.
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TABLE 2. The AV Concentration and S.D. of 10 Nutrients in the Water Extracts of Sharpsburg Soil/Gypsum/Peat Mixtures
Incubated for 15 Weeks

AV and P, K, Na, Ca, Mg, Fe, Mn, B, Cu, Zn,

Treatment* S.D. mg/kg mg/kg  mg/kg mg/kg mg/kg mg/kg mg/kg ng/kg pg/kg pg/kg
0 AV 2.19 27.86 38.66 34.62 1550  48.88 0.31 2,794.60 72.70  3,707.30
SD 0.11 3.05 5.35 2.88 1.49 4.95 0.03 43.61 4.80 294.87

1 AV 1.65 163.99 11.72 1,744.35  241.65 0.00 0.67 235.16 13.97 989.13
SD 0.12 3.86 0.20 84.89 6.23 0.00 0.09 54.57 0.48 83.97

5 AV 1.64 207.81 13.47 3,139.23 7 317.31 0.00 0.79 221.20 14.77 1,095.82
SD 0.05 1.33 0.41 6.60 1.06 0.00 0.08 2351 1.24 329.09
10 AV 1.80 210.38 16.54 3,281.99  324.65 0.00 1.02 244.68 17.12 975.00
SD 0.21 3:59 3.16 23.06 3.35 0.00 0.13 25.94 1.60 263.11

15 AV 1.62 213.23 14.72 3,422.51 33451 0.00 0.79 224.40 16.48 1,232.15
SD 0.03 2.34 0.48 0.88 2.36 0.00 0.06 15.82 2.17 244.76

20 AV 1.84 220.51 14.79 3,575.58  341.44 0.00 1.06 211.64 17.36 1,271.24
SD 0.16 0.84 0.56 2591 3.66 0.00 0.13 34.00 1.59 216.19

30 AV 1.99 227.33 15.22 3,818.38  352.18 0.00 0.89 22421 17.03 1,186.64
SD 0.12 1.91 0.35 3.60 2.99 0.00 0.12 23.56 0.79 261.96

50 AV 231 236.02 26.63 4,363.66  377.00 0.00 0.99 232.75 17.80 2,114.60
SD 0.08 2.52 9.55 35.41 2.30 0.00 0.12 57.69 3.23 731.03

oP AV 2.72 52.56 34.95 56.83 27.74 74.23 2.21 3,387.62 93.28 5,005.74
SD 0.21 9.50 8.11 16.73 6.41 15.49 1.04 811.47 9.04 320.28

il AV 1.77 193.50 15.15 1,734.04  260.89 0.00 44.59 393.37 21.48 1,211.72
SD 0.11 4.58 0.22 44.96 371 0.00 1.23 9.46 0.93 281.84

3P AV 1.97 241.20 16.93 3,195.94  437.78 0.00 66.43 383.39 2248 1,572.71
SD 0.24 0.22 1.20 14.76 0.67 0.00 2.97 37.04 1.78 214.58

10P AV 2.09 251.40 19.25 3,379.07  387.22 0.00 69.65 353.40 2346 1,438.04
SD 0.15 0.22 2:52 23.98 59.68 0.00 3.07 34.72 219 328.93

158 AV 222 255.93 22.13 3,505.29  359.11 0.02 70.03 357.80  20.76 1,773.84
SD 0.16 228 6.94 33.25 3.80 0.04 3.04 16.13 0.87 525.85

20P AV 2.55 261.22 24.83 3,662.18  367.99 0.00 77.36 39596  25.50 2,124.08
SD 0.16 6.66 7.50 85.56 8.29 0.00 372 78.77 3.03 1,097.32

30P AV 2.53 262.44 34.86 3,915.02  382.18 0.00 70.49 32544 2822 3,640.41
SD 0.31 19.75 15.00 99.73 4.53 0.00 0.98 151.31 4.56 1,470.45

50P AV 2.86 267.34 4638 4,580.84  423.81 0.00 81.15 300.45  43.66  4,061.78
SD 0.31 6.97 9.85 88.57 10.39 0.00 4.40 81.43 13.18 236.22

Soil AV 223 37.36 34.71 62.10 20.48 22.71 0.40 2,383.80 68.80 221577
SD 0.08 3.74 221 8.32 1.54 11.39 0.07 447.10 2.88 1,254.62

Peat AV 49.38 70.31 40.42 107.07 55.59 5.89 1.46 9,786.97 29.60  4,557.17
SD 1.00 0.61 12.11 3.15 2.05 0.31 0.06 516.72 5.57 922.03

"The concentration of nutrients was determined by using inductively coupled plasma—optical emission spectrometry.

*Numbers 0 through 50 refer to the amount of gypsum (g) added to a 100-g soil sample; P next to number refers to a 5-g peat sample added to each
soil/gypsum mixture.

AV: average.

give H"), whereas SO,>~ replaces OH by ligand exchange. The
resultant pH measured will thus depend on the extents of the
two reactions in any particular case. For Sharpsburg soil, which
initially is slightly acidic (Table 1), thus, the first reaction should
be more active.

The addition of 1 g of gypsum to a 100-g soil sample
decreased the pH in the water extract by 0.8 units compared with
the control, whereas increasing the amount of gypsum from 5
through 50 g decreased the pH by only 0.2 units (Fig. 1A). In a
field experiment in South Central Montana, Cates et al. (1983)
compared the effectiveness of both spent sulfuric acid (copper
smelters waste) and gypsum for reclaiming calcareous saline
sodic soils. They found that gypsum lowered pH values more
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than ‘an equivalent rate of the smelter acid. Shainberg et al.
(1989) reported that the magnitude of the pH change caused
by gypsum addition was usually small (0.2-0.3 pH units) and
typically was not detectable in an electrolyte suspension but
only when pH was measured in water.

For the soil and soil/gypsum mixtures, the application of
peat decreased the pH in the water extract by about one unit
regardless of the level of gypsum content (Fig. 1A). These
results suggest no interactions between peat and gypsum that
affect the soil pH.

Expectedly, the addition of gypsum seemed to increase the
soluble salts in the soil (Fig. 1B). The addition of 1 g of gypsum
to a 100-g soil sample increased the EC value in water from

© 2010 Lippincott Williams & Wilkins
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FIG. 1. Effects of gypsum and peat addition on pH (A) and EC (in dS/m) (B) in water extracts of Sharpsburg soil incubated for 15 weeks.

0.34 to 1.69 dS/m. The value of EC increased to 2.40 dS/m by
the addition of 5 g gypsum, then it remained almost constant
when gypsum increased from 5 through 50 g. This constant EC
may suggest that the concentration of salts in these mixtures
was controlled by the solubility of sparingly soluble minerals
(Lindsay, 1979; Elrashidi et al., 2007).

In general, the application of peat slightly decreased the EC
value in the soil and soil/gypsum mixtures relative to the no-peat
samples (Fig. 1B). The sorption of ions (cations and anions) by
organic matter sites could be attributed to decreasing the con-
centration of soluble salts in water. In addition, the formation of
insoluble metal-organic complexes might decrease the amount
of soluble salts and the EC value in the water extract (Stevenson,
1991; Elrashidi et al., 1999).

Nitrogen and Phosphorus

The effect of gypsum on the NO3-N concentration in water
was dependent upon the amount of gypsum added to the 100-g
soil sample (Fig. 2A). The addition of 1.0 g of gypsum had little
effect on the concentration of NOsz-N, whereas increasing the
added gypsum from 5 through 20 g significantly increased the
concentration of NO3-N. However, when the amount of gypsum
in the 100-g soil sample was in excess of 20 g, the concentra-
tion of NO3-N decreased significantly. Singh and Taneja (1977)
reported that the rate of N mineralization in soils is usually

© 2010 Lippincott Williams & Wilkins

stimulated by the addition of gypsum at a rate of 2.5 to 5 t/ha.
However, the addition of higher rates of gypsum (7.5-10 t/ha)
led to a lower level of N mineralization. It is believed that the
addition of gypsum at a low rate stimulates soil microorgan-
isms responsible for mineralization (Singh and Taneja, 1977).

The application of peat to the soil/gypsum mixtures
significantly decreased the concentration of NOs-N in water
(Fig. 2A). The application of organic matter usually increases
the biological activity in soil and enhances the accumulation of
N in cellular organic forms. In the present study, the magnitude
of N immobilization by microorganisms seemed to not be sig-
nificantly affected by the addition of gypsum. The positive effect
of gypsum on N mineralization (Singh and Taneja, 1977) might
have been overshadowed by the biological accumulation of N
by microorganisms. The latter reaction was enhanced by a suit-
able C:N ratio in the mixtures.

In general, the addition of different amounts of gypsum to
Sharpsburg soil decreased the concentration of P in water extract
(Fig. 2B). The addition of high concentrations of Ca ions could
contribute to the decrease in P solubility. Calcium enhances the
formation of basic calcium phosphate minerals that lower the
concentration of phosphate in the water extract. Larsen et al.
(1965) suggested that the decrease in labile phosphate could
be the result of the formation of a crystalline basic calcium
phosphate at a rate that increases with increases in soil pH. In
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a column-leaching study, Nelson et al. (1991) reduced the con-
centration of dissolved P by 88% in extracts from Alfisols with
a sandy loam surface texture treated with gypsum. Faveretto
et al. (2006) studied the effect of gypsum on the loss of P in
runoff from Miami silt loam soil. They concluded that gypsum
significantly decreased the mass loss in runoff of dissolved P
and attributed that to increasing Ca in the soil solution. Fur-
thermore, Stout and Sharpley (2000) found that coal combustion
by-products (CCB) that are rich in gypsum and agricultural
gypsum reduced the dissolved P concentration in runoff
from soils by 43% and 33%, respectively. In column experi-
ments, Elrashidi et al. (1999) reported a large reduction for P
concentration (87.7%) in leachate generated from dairy feedlot
surface treated with CCB. They attributed the low P concentra-
tion in leachate mainly to the precipitation of insoluble calcium
phosphate minerals because of the presence of high concen-
trations of Ca in the CCB.

Moore and Miller (1994) and Coale et al. (1994) indicated
that gypsum may reduce P solubility by enhancing Ca-P pre-
cipitation. A common perception of increased P sorption in the
presence of high concentrations of Ca is via the precipitation
of Ca phosphates. This would seem unlikely at the slightly
acidic pH (6.7) for Sharpsburg soil. Thus, it is more likely that
the mechanism of P retention would be through chemisorption
of P on Al and Fe either through adsorption or surface-enhanced
heterogeneous precipitation. The high concentration of SO,>~
ions and acidity, associated with gypsum, may destabilize clay

mineral surfaces that release Al and Fe in the soil solution. In
addition, the Ca added with gypsum could replace both Al
and Fe on surfaces of clay minerals and releases more ions in
the solution phase. In their study to reduce P in runoff from
watersheds in South Australia, Cox et al. (2005) concluded that
the addition of gypsum can increase the ability of the soils
to retain P by the exchange of Ca for Al, Fe, and Mn.
Contrary to nitrate-N, the application of peat increased the
solubility of P in the water extract for both the soil and soil/
gypsum mixtures (Fig. 2B). The heavy growth of microorgan-
isms, associated with" peat, could secrete large amounts of
organic acids and chelating compounds. Organic acids and
chelating compounds could dissolve insoluble phosphate
minerals and release P into the soil solution (Stevenson, 1991).

Potassium and Sodium

The addition of gypsum significantly increased the con-
centration of K in Sharpsburg soil (Fig. 3A). However, in-
creasing the amount of gypsum did not proportionally increase
the K concentration in the soil and soil/gypsum mixtures.
Calcium ions could replace K ions on the exchangeable sur-
faces as well as K ions trapped in a nonexchangeable form
(interlayering) in the expanding 2:1 clay minerals (i.c.,
montmorillonite, vermiculite, and micas). The X-ray analysis
indicated that clay minerals in Sharpsburg soil include
smectite and micas. Furthermore, the application of peat
significantly increased the concentration of K in the soil and
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FIG. 2. Effects of gypsum and peat addition on NOs-N (A) and P
incubated for 15 weeks.
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(B) concentrations (in wg/kg) in water extracts of Sharpsburg soil
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FIG. 3. Effects of gypsum and peat addition on K (A) and Na (B) concentrations (in mg/kg) in water extracts of Sharpsburg soil

incubated for 15 weeks.

soil/gypsum mixtures. This could be caused by the dissolution of
K-containing minerals (i.e., feldspars) by organic acids and che-
lating compounds. The chemical analyses of the peat sample
(Table 2) indicated the presence of small amounts of nutrients
including K (109 mg/kg). Thus, some of the increase in K
concentration could be attributed to the additive effect (0.54 mg
K/100 g soil).

Unexpectedly, the addition of gypsum seemed to decrease
the concentration of Na in Sharpsburg soil (Fig. 3B). The con-
siderable amount of SO,*~ ions (added with gypsum) increased
the formation of soluble NaSO, species in water, which could
be retained by the anion sorption sites on the clay mineral sur-
faces. The Sharpsburg soil has an extremely low content of
Na, which is mainly present in the soil solution (actually, ex-
changeable Na was undetectable). This scenario made it possible
for the NaSO, species to play an important role in decreasing
the Na ion concentration in the soil/gypsum mixtures. When
soils have relatively high contents of Na, it is mainly located in
the exchangeable phase. Under this condition, the added SO42~
would remove the exchangeable Na ions into the soil solution.
It is likely that the exchangeable reaction could overshadow the
formation of NaSO,  species.

Similar to K, the application of peat significantly increased
the Na concentration in the soil/gypsum mixtures (Fig. 3B).
Factors that contributed to the increase in K concentration could
also be applied to Na. Furthermore, the rate of Na increase, as a
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result of the peat application, seemed to increase by increasing
the percentage of gypsum in the mixtures.

Calcium and Magnesium

Expectedly, gypsum added a considerable amount of Ca
to the soil, and it increased with increasing the amount of
gypsum (Fig. 4A). The application of peat raised the soil acidity
(Fig. 1A), which could increase the dissolution of gypsum and
Ca-containing minerals. Furthermore, a small amount of Ca
might be added to the soil with the 5-g peat sample.

Meanwhile, addition of gypsum increased the magnesium
(Mg) concentration in the water extract because the Ca ions
added with gypsum could replace the exchangeable Mg on the
clay surfaces (Fig. 4B). Shainberg et al. (1989) reported that
gypsum applied at the soil surface is likely to help Ca in re-
placing other exchangeable cations, notably Mg, and render it
prone to leaching. This depletion of Mg from the top soil can
have serious consequences, particularly on sandy soils with
low CEC. Similar to Ca, the application of peat significantly
increased the Mg concentration in the water extract. Factors that
contributed to the Ca increase as a result of the peat application
could be applied to Mg.

Iron and Manganese
In general, the addition of gypsum increased the concen-
tration of Mn in Sharpsburg soil (Fig. 5A). Under well-oxidized
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conditions, Mn is present in soil as manganite (MnOOH)
and/or pyrolusite (MnO,) minerals (Lindsay, 1979). The
addition of high concentrations of SO4?~ to Sharpsburg soil
could convert Mn-containing minerals such as manganite to
Mn,(SO4); where Mn is present in the oxidized Mn"™ form.
Thus, the solubility of Mny(SO,4); mineral should increase with
increasing amounts of gypsum being added to mitigate the
soil acidity. Shainberg et al. (1989) concluded that the Mn
concentration in soil solution consistently increases after the
addition of gypsum. On the other hand, the application of peat
considerably increased the concentration of Mn in Sharpsburg
soil (Fig. 5A). The presence of peat generates reducing con-
ditions in the soil/gypsum system that could reduce Mn "> ions
in [Mn,(SO,);] mineral to Mn'?, such as in MnSO, and/or
MnSO,4.H,O that has a much higher solubility in water. Fur-
thermore, increasing gypsum percentage seemed to increase
the rate of Mn increase in the mixtures. This could be attributed
to the increase in acidity with the addition of gypsum.

The concentration of water-soluble Fe was about 49 mg/kg
in Sharpsburg soil (Table 2). As can be seen, the Fe con-
centration in water was below the detection limit for all soil
samples treated with various amounts of gypsum. It is well
known, however, that Fe presents mainly in the high oxidation
Fe'* form in well-aerated soils (Lindsay, 1979). As previously
mentioned, the addition of gypsum decreased the soil pH value

5,000

by about one unit (Fig. 1A), which could increase the sorption
of Fe™ ions on the colloidal oxide/hydroxide and clay min-
eral surfaces (Sposito, 1985). Furthermore, the addition of high
concentrations of SO, ions in the presence of K could enhance
the formation of jarosite mineral [KFe3(SO4),(OH)g] in soils
under the acidic environment (Lindsay, 1979; O’Brien and
Sumner, 1988). Thus, both the Fe sorption reaction and for-
mation of jarosite mineral could remove Fe™ from solution,
which would explain the effect of gypsum on decreasing Fe
solubility in this soil. O’Brien and Sumner (1988) gave a similar
explanation for lowering Al concentration through the precip-
itation of alunite mineral [KAIl3(SO4(OH),()].

The application of peat increased the Fe concentration from
48.9 to 74.2 mg/kg in the Sharpsburg soil sample (Table 2). This
increase could be attributed to the reduction of Fe ™ to Fe"? ions,
which have much higher solubility in water (Lindsay, 1979).
However, the addition of gypsum decreased the Fe concentration
in water below the detection limit for all soil samples treated
with peat. One should have expected that the low redox potential
generated by peat in the soil/gypsum mixtures would result
in the formation of considerable amounts of ferrous ions and
increase the solubility. But it seemed that the formation of insol-
uble ferric sulfate mineral, such as jarosite [KFe3(SO4)>(OH)g]
might be the dominant mechanism controlling the Fe solubility
in these soil/gypsum/peat mixtures.
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FIG. 4. Effects of gypsum and peat addition on Ca (A) and Mg (B) concentrations (in mg/kg) in water extracts of Sharpsburg soil

incubated for 15 weeks.
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of Sharpsburg soil incubated for 15 weeks.

Boron

The data indicate that the addition of gypsum significantly
decreased the concentration of B in Sharpsburg soil and soil/peat
mixtures (Fig. 5B). Increasing gypsum addition from 1 through
50 g/kg soil did not change the decreasing rate of B in soil. In
field studies conducted on sandy loam soil, Carter and Cutcliffe
(1990) found that addition of gypsum decreased B concentra-
tion in the leaf tissue of Brussels sprouts as the soil pH level
decreased. The addition of gypsum introduces high concentra-
tions of SO4>~ ions and associated acidity, which can destabi-
lize clay mineral surfaces and expose new sorption sites. This
process could increase B sorption by clay minerals in soil. Fur-
thermore, the salinity introduced to soil with gypsum addition
(Fig. 2) could also increase B sorption. Fleet (1965) and Couch
and Grim (1968) concluded that the increased B sorption with
salinity may be caused by increased dissociation of H3;BO;
caused by salt effects. Another explanation for the negative
effect of gypsum on B concentration could be related to the large
amount of Ca added with gypsum. Calcium ions attached to clay
minerals could enhance B sorption by acting as a bridge between
clay surfaces and H,BO5 ~ ions (Elrashidi and O’Connor, 1982;
Keren, 1996).

The application of peat (5 g/100-g soil) increased the B
concentration in Sharpsburg soil (from 2.80 to 3.39 mg/kg soil;
Table 2). The 5-g peat sample had approximately 0.5 mg B,
which implies that a large portion of this increase could be
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attributed to the addition of B with the 5-g peat sample.
Interactions between peat organic compounds and soil minerals
could be another mechanism contributing to the increased B.
Organic acids and chelating compounds could dissolve minerals
(i.e., tourmaline) and release B into the soil solution (Stevenson,
1991).

Sulfur and Chloride

Expectedly, the addmon of gypsum considerably increased
the concentration of SO,>~ in the soil investigated (Fig. 6A). In
a 2-year field experiment, Zheljazkov et al. (2006) reported that
gypsum application on dykeland soil increased dry matter yields
and Mehlich3-extractable S and S uptake by plants.

The effect of peat application on the concentration of
SO,*~ seemed to be dependent upon the amount of gypsum
added to the soil. The application of peat decreased the
concentration of SO,>~ when the gypsum rate was 10 g/100 g
soil or less while increasing the concentration in the soil sample
when the gypsum addition was above that rate. In Louisiana,
Viator et al. (2002) found that subsoil and within-row
application of gypsum and compost increased leaf S concentra-
tion of sugarcane grown on a silty clay loam s011

The decrease in the concentration of SO, could be at-
tributed to the increase in the activity of microorganisms in the
soil and/or the conversion of some sulfate to sulfide caused by
the low redox potential (Lindsay, 1979). On the other hand,
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FIG. 6. Effects of gypsum and peat addition on SO4 (A) and Cl (B) concentrations (in mg/kg) in water extracts of Sharpsburg soil

incubated for 15 weeks.

microorganisms could secrete organic acids that help in
dissolving gypsum and increase the concentration of SO,
ions. Thus, these three reactions could be functioning simulta-
neously and affecting the concentration of SO, in the soil/
gypsum/peat mixtures. The first two reactions (bioaccumulation
of organic S and the reduction of sulfate to sulfide) seemed to be
more important when the gypsum content in soil is 10 g/100 g
soil or less. On the other hand, the dissolution of gypsum by
organic acids seemed to be the dominant mechanism when the
gypsum content in soil is above this threshold. Furthermore, the
high sulfate concentrations and strong acidity, associated with
high gypsum content, could enhance the dissolution process.

In general, the addition of gypsum increased the Cl
concentration in the water extract (Fig. 6B). Apart from the
lowest gypsum treatment (1.0 g/100 g soil), an increase in the C1~
concentration was observed for all gypsum additions. This in-
crease could be attributed to the removal of C1~ ions present on
the colloidal anion exchange surfaces by SO4>~ ions (Sposito,
1985) and/or the dissolution of Cl -containing minerals caused
by the increase in soil acidity (Fig. 1A). Sumner et al. (1985)
emphasized the role of anion exchange reactions in their work on
soil columns. The authors found that SO,>~ does not appear in
the leachate until all C1  has been removed from soil. In the
present study, however, we have no reasonable explanation to the
decrease in the concentration of Cl~ as a result of the lowest
gypsum addition (1.0 g/100 g soil).
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Similar to other nutrients, the dissolution of Cl -containing
minerals and C1~ added with the 5-g peat sample might explain
the increase in the C1 concentration. Furthermore, it seems that
the effect of peat on increasing the C1~ concentration is some-
what dependent on the gypsum content in soil. The positive
effect of peat on C1 concentration was enhanced by increasing
the amount of gypsum in Sharpsburg soil (Fig. 6B).

Copper and Zinc

The addition of gypsum significantly decreased the
concentration of copper (Cu) and zinc (Zn) in Sharpsburg soil
(Figs. 7A, B). Meanwhile, increasing the rate of gypsum
addition from 1 through 30 g/100 g soil did not significantly
change the concentration of Cu and Zn in soil. However, as
reported in Table 2, increasing the rate of gypsum from 30 to
50 g/100 g soil significantly increased the concentration of
Zn (from 1,187 to 2,115 pg Zn/kg), whereas it had only a
modest increase for Cu (from 17.0 to 17.8 pg Cu/kg). This
increase could be attributed to the dissolution of Zn- and Cu-
containing minerals as a result of the high sulfate and soil
acidity (Lindsay, 1979). In their study on two calcareous soils
in South Central Montana, Cates et al. (1983) found that the
addition of gypsum increased soil Cu, Zn, and Mn availability
and barley yield. Viator et al. (2002) indicated that gypsum
addition to sugarcane grown on a silty clay loam soil in
Louisiana increased Ca, S, Mn, and Zn leaf concentrations,
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FIG. 7. Effects of gypsum and peat addition on Cu (A) and Zn (B) concentrations (g/kg) in water extracts of Sharpsburg soil

incubated for 15 weeks.

but had no effect on N, P, K, Mg, Cu, and Fe concentrations.
Furthermore, Takkar and Singh (1977) found that gypsum
application on alkali soils markedly decreased the soil pH and
significantly increased the available soil Zn concentrations and
Zn uptake by rice.

The application of peat significantly increased the concen-
tration of both Cu and Zn in Sharpsburg soil and soil/gypsum
mixtures. Similar to other nutrients, the dissolution of Cu- and
Zn-containing minerals and the peat additive effect might
explain the increase in the concentration of both micronutrients.
Furthermore, it seemed that the effect of peat on increasing the
element concentrations was somewhat dependent on the gypsum
content in soil. The positive effect of peat on increasing both Cu
and Zn concentrations was enhanced by increasing the amount
of gypsum in Sharpsburg soil (Figs. 7A, B).

SUMMARY AND CONCLUSIONS

Understanding the effect of gypsum content on the solu-
bility of plant nutrients is important in determining the poten-
tial productivity of gypsum-rich (gypsiferous) soils. The gypsum
mineral supports high concentrations of Ca and sulfate ions in
soil solution, which may negatively affect the solubility of other
nutrients in soil, such as P, Fe, and Mn. Moreover, the high
concentrations of Ca and SO4°~ and associated salinity may
have a physiological -impact on root absorption sites, which
reduces nutrients uptake and plant growth.

© 2010 Lippincott Williams & Wilkins

We investigated the effect of different levels of gypsum
(in the presence or absence of peat) on the solubility of 13 nu-
trients. In a laboratory experiment, different amounts of gypsum
ranging from 0 to 50 g were added to a 100-g gypsum-free
soil sample (Sharpsburg Fine, montmorillonitic, mesic Typic
Argiudolls), then water was added to the soil/gypsum mixtures to
keep the moisture at 50% of the saturation capacity. The effect of
peat was investigated in another set of soil/gypsum mixtures,
where a 5-g peat moss sample was applied to each mixture, and
then water was added. The soil/gypsum and soil/gypsum/peat
mixtures were incubated at 32°C (90°F) for 15 weeks. After
incubation, the water-extractable NO;-N, P, K, Fe, Ca, Na, Mg,
Mn, SO424, Cl, Cu, Zn, and B were determined in the mixtures.

The results indicated that the addition of gypsum increased
the solubility of NO5-N, K, Ca, Mg, Mn, CI, and SO,*~, al-
though it decreased P, Na, Fe, Cu, Zn, and B. Phosphorus was
the only major nutrient that has been adversely affected by the
addition of gypsum. On the other hand, the application of peat
generally increased the solubility of all nutrients tested, except
those of NO5-N, and SO,>". It can be concluded that the ap-
plication of peat could effectively minimize the adverse effect
of gypsum on P solubility and improve the solubility of most
nutrients tested. Thus, the application of peat or other organic
sources (i.e., animal manure and organic compost) could be
recommended for gypsum-rich soils to increase its productivity.

The widely accepted negative effects of gypsum on soil
fertility as well as the limited response to fertilizer application
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could not be fully explained by the solubility data. We believe,
however, that the physiological effects of adding large amounts
of Ca and SO,* on nutrient uptake (root absorption sites) may
play an important role in reducing the productivity of gypsum-
rich soils. For example, the high uptake of Ca may exert an
antagonistic effect on Mg, K, and Mn absorption, even when
sufficient concentrations of these nutrients are present in the
soil solution. Investigating the effect of gypsum on nutrient
absorption by plant roots was out of the scope of our study.
Last, we conclude that understanding the effects of gypsum on
both the nutrient solubility and absorption by plants would
improve land management practices and help in increasing
the productivity of these soils.
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